ABSTRACT: Five ruminally and duodenally cannulated steers were fed bromegrass hay (H; 5.6% CP; 70.9% cell wall) substituted with 0, 15, 30, 45, or 60% soybean hulls (SH; 10.5% CP; 87.9% cell wall) at 90% of ad libitum DMI. Diets were made isonitrogenous (1 1% CPI by addition of isolated soybean protein (91.5% CP). Total ruminal VFA concentration, molar proportion of acetate, and molar acetate:propionate ratio increased (linear; P < .02) with increasing level of SH substitution, but propionate (mo1/100 moll and ruminal fluid passage rate decreased (linear; P < .011. Ruminal pH and ammonia concentration decreased more rapidly, and to a greater extent and duration, as level of SH increased; neither was decreased to levels considered detrimental to fiber digestion. Ruminal and total tract DM, OM, and cell wall digestibilities increased (linear; P < .Ol), whereas total tract N digestibility decreased (linear; P = .031, as level of SH increased. Total N flow to the duodenum increased (linear, P = .03) with increasing level of SH, and microbial N flow tended (cubic, P = .09) to increase. Microbial efficiencies were unchanged (P = .LO) with SH level. True ruminal digestibilities of N did not differ ( P > .lo1 among diets. Rate of in situ DM disappearance of H and SH was not influenced (P > .lo) by SH substitution, although rate tended to be fastest with 30 and 45% SH (quadratic, P = .14). We infer from these data that SH can replace 60% of the DMI of a low-quality forage diet without decreasing OM or cell wall digestion.
Introduction
Cereal grains are commonly fed as an energy supplement for ruminants consuming low-quality forage diets, but reduced fiber digestion (Burroughs et al., 1949; el-Shazley et al., 1961; Mertens and Loften, 1980;  Chase and Hibberd, 1987;  Cordes et al., 1988) and reduced DMI with energy supplementation (Kartchner, 1980;  Pordomingo et al., 1991) have been well documented.
Soybean hulls (SH) are starch-free (Hsu et al., 1987; Garleb et al., 19881 and are digested exten-sively in the rumen (Quicke et al., 1949; Highfill et al., 1987; Hsu et al., 1987;  Martin and Hibberd, 1990) . Although the DE content of corn and SH is 4.19 and 2.82 Mcal/kg (NRC, 19841, respectively, Anderson et al. (1988a) reported similar ADG by steers fed equal amounts of corn or SH while grazing bromegrass pastures or corn stalks, which suggests that SH were equivalent to corn as a source of supplemental energy. Our objective was to determine the influence of level of SH substitution in a low-quality bromegrass hay diet on site and extent of nutrient digestion, ruminal characteristics, microbial efficiency, and in situ DM disappearance of bromegrass hay and SH. Markers. Chromium sesquioxide was dosed (15 g) intraruminally daily in a #7 gelatin capsule (Michigan Capsule, Detroit, MI) a t 0530 as a n indigestible marker for quantifying digesta flow to the duodenum and fecal excretion (Hill and Anderson, 1958 Sample Collection and Preparation. Samples of diet components were collected daily, dried (55" C, 48 h, forced-draft oven), and ground in a Wiley mill to pass a 1-mm screen. During each collection period, total fecal output was weighed and mixed daily in a horizontal ribbon mixer. A 5% aliquot from each daily fecal collection was dried ( 5 5 O C, 48 h, forced-draft oven) and ground to pass a 1-mm screen. Individual samples of dietary components and feces were composited, mixed, and subsampled for later nutrient analyses. Samples (100 mL1 of duodenal digesta and ruminal contents were collected at 2, 6, and 10 h after feeding on d 1 and 3, and at 0, 4, 8, and 12 h after feeding on d 2 and 4. Duodenal digesta were collected by discarding digesta contained in the barrel of the cannula and collecting digesta that were flowing to the duodenum at the time of collection. At each duodenal collection, contents were collected and added to a composite sample contained in a 3-L plastic container that was stored at -3OC. The duodenal composite was lyophilized (10" C; Model Unitop 800L and Freezemobile 24, Virtis, Gardiner, NY) and ground to pass a 1-mm screen. Ruminal contents were collected from the center of the ruminal mat dorsal to the cranial pillar and were immediately strained through eight layers of cheesecloth. A 40-mL aliquot of the fluid fraction (acidified with .8 mL of 7.2 N H 2 S O 4 ) was stored frozen (-3°C). Ruminal pH was determined with a hand-held pH meter (Model 5941-00, Cole Parmer, Chicago, IL) before the ruminal fluid was acidified. Separate ruminal samples were collected (2 L), frozen on dry ice, and stored (-60°C) until microorganisms could be isolated.
Materials and Methods

Diets. Five experimental diets (
Sample Analyses. Dietary, duodenal, and fecal composite samples were analyzed for cell wall (Fry, 19881, DM, OM, and CP (AOAC, 1984) . Serially collected ruminal fluid samples were centrifuged (10,000 x g, 15 minl and analyzed for Co concentration by atomic absorption spectroscopy (Model SpectrAA30, Varian, Sugarland, TXI with an airplus-acetylene flame (Hart and Polan, 1984) . Fluid passage rate was calculated by regressing the natural logarithm of the Co concentration on time after dosing. Chromium concentration of fecal and duodenal composites was quantified by atomic absorption spectroscopy with an air-plus-acetylene flame (Williams et al., 1962) . Ruminal fluid samples were composited by sampling hour to represent 0 , 2 , 4 , 6, 8, 10, and 12 h after feeding. Therefore, each composite sample of ruminal fluid represented two sampling days. Ruminal VFA and ammonia concentrations were determined for each cornposited sample. Metaphosphoric acid (25% wt/voll was added to ruminal fluid such that it was 20% of the total volume. An internal standard (2-ethylbutyric acid) was contained in the rn-phosphoric acid. The ruminal fluid-rn-phosphoric acid mixture was recentrifuged (10,000 x g, 15 minl before VFA were quantified using gas chromatography (Model 3400, Varian). Ruminal ammonia concentration (Broderick and Kang, 1980) was determined colorimetrically using a DU-50 spectrophotometer (Beckman, Palo Alto, CAI.
Ruminal microorganisms were isolated from a composite sample (2 L; stored frozen at -3°C) of ruminal contents that represented each animal x diet observation. Microorganisms were isolated by blending thawed (2OOC) ruminal contents 3 min at high speed in a Waring (New Hartford, CT) blender to release microorganisms that were adhered to feed particles. Blended ruminal contents were strained through eight layers of cheesecloth, the fluid fraction was centrifuged (1,000 x g, 10 mid, and the resulting pellet (feed particles) was discarded. Supernatant fluid was recentrifuged (30,000 x g, 30 minl, and the resulting supernatant fraction was removed with a pipette and discarded. The pellet was washed in .9% (wt/ vol) saline solution, recentrifuged (30,000 x g, 30 mid, recovered with distilled water, and lyophilized (10" C, shelf, 72 h). Ruminal microorganisms were analyzed for purine (Zinn and Owens, 19861, OM, and N (AOAC, 1984) content. The purine:N ratio of isolated ruminal microorganisms was used in conjunction with the duodenal purine content to calculate microbial N flow to the duodenum. Microbial efficiency was expressed as grams of microbial N per kilogram of OM truly digested in the rumen.
Apparent ruminal and total tract digestibilities of nutrients were calculated as the difference between nutrient intake and duodenal flow and fecal excretion of nutrients, respectively. Apparent ruminal DM, OM, and CP digestibilities were corrected for microbial DM, OM, and CP flow to the duodenum to determine true OM and CP digestibility .
In Situ Dry Matter Disappearance. In situ DM disappearance (ISDMD) of H and SH was determined using Dacron bags (10 cm x 20 cm, 50-to 70-prn pore size; Ankom, Fairport, NY) with heat-sealed edges. Duplicate Dacron bags with approximately 5 g (DM basis) of H or SH were incubated in the rumen for 2, 4, 8, 12, 16, 24, 36, 48, or 96 h. Bags were soaked in 39" C water for 15 min before being placed in a larger nylon mesh bag (60 cm x 40 cm, 2-cm pore size) that was placed under the ruminal mat. Sample bags were inserted into the rumen a t different times and were removed at the same time to reduce variation in the washing procedure. The larger nylon mesh bags were of adequate size so that nonincubated Dacron bags could be added without removing bags that were currently being incubated. When removed from the rumen, bags were washed with 39°C water to remove particles adhering to the outside of bags and were rinsed until water running through the bag was no longer discolored. Bags were then dried (55OC, 48 h, forced-draft oven) to determine ISDMD. Zero-hour ISDMD was determined by soaking bags in 39OC water for 15 min, followed by the washing procedure described above. Rate of ISDMD of H and SH was calculated by regressing the natural logarithm of the percentage of potentially digestible DM remaining (corrected for 0 h ISDMD) on time of incubation (2 to 36 h). Rate of ISDMD of the diet was estimated by calculating a weighted estimate from the rate of ISDMD of individual diet components. In situ DM disappearance after 96 h of ruminal incubation was considered to represent the extent of ISDMD.
Statistical Analyses. Statistical analyses were performed using the GLM procedure of SAS (1984) . The design was a 5 x 5 Latin square. Animal, treatment and period were sources of variation in the SAS (1984) model. Linear, quadratic, and cubic responses were determined using orthogonal contrasts (Steel and Torrie, 1980) . Ruminal pH and ammonia concentration were analyzed by the repeated measures procedure of Gill and Hafs (19711. Additionally, ruminal pH and ammonia concentration were analyzed by sampling hour and presented graphically. Table 1) . Previous studies designed to determine the influence of SH on ruminal fiber degradation used cottonseed meal (Martin and Hibberd, 1990) or soybean meal (Johnson et al., 1962; Sudweeks, 1977; Highfill et al., 1987; Anderson et al., 1988a,b) to balance CP intake, whereas CP intake was balanced with ISP (91.5% CP) in our study. Because the percentage of protein supplement decreased in the diet as the level of SH increased, ISP was used because it should be the protein source that is most similar to soybean hull protein.
Results and Discussion
Ruminal and total tract digestibilities of DM, OM, and cell wall increased (linear, P c .01) with increasing SH substitution (Table 21 . There was a 1.03-, 1.16-1.54-, and 1.65-fold increase in ruminal cell wall digestibility of 15SH, 30SH, 45SH, and 60SH, respectively, compared with OSH. A linear increase in dietary OM digestibility was reported by Martin and Hibberd (19901 when level of SH was increased from 0 to approximately 30% of DMI of a native grass hay diet. Sudweeks (19771 documented trends similar to ours in total tract DM and crude fiber digestibilities with 10, 40, and 70% SH substitution in a bermudagrass hay diet; DM and crude fiber digestibility increased with 40% SH compared with 10% SH substitution, whereas there was no further increase with 70% SH. In our study, true ruminal and total tract DM digestibility increased linearly ( P c .01) up to the 60% level of SH.
Because cereal grain supplementation has often resulted in decreased fiber digestion, it would be advantageous if SH could provide additional energy and avoid negative effects on fiber digestion. In our study, positive effects on ruminal and total tract cell wall digestibility with increasing level of SH were noted ( Table 2) . Ruminal and total tract cell wall digestibility of H was assumed to equal cell wall digestibility of OSH, whereas cell wall digestibility of SH was calculated for 15SG by assuming the OSH cell wall digestibility of H. Actual in vivo ruminal cell wall digestibility was 1.10-, 1.41-, and 1.48-fold greater than the calculated cell wall digestibility of 30SH, 45SH, and 60SH, respectively, whereas actual total tract cell wall digestibility was 1.06-, 1.16-, and 1.20-fold greater. These data suggest that cell wall degradation of H and(or1 SH was increased with incremental levels of SH Substitution. Assuming that the in vivo OM digestibility of H was not influenced by SH substitution, the average total tract in vivo OM digestibility of SH in the SH-substituted diets was 74%. This finding is similar to data reported by Hsu et al. (1987). True ruminal N digestibility was not affected (P > .lo) by SH substitution, but total tract N digestion decreased (linear, P c .031 with increasing level of SH (Table 3) . Our results support those of Sudweeks (1977) and Martin and Hibberd (19901 in which there was also a linear decrease in total tract N digestibility with increasing SH content of the diet. There was a tendency (linear, P = .12; cubic, P = .09) for microbial N flow to the duodenum (Table 3) to increase with increasing SH substitution, whereas microbial efficiency was not influenced by SH level ( P > .lo). Total N flow to the duodenum increased ( P < .03) with level of SH.
Average over sampling times, ruminal pH decreased (linear, P = .001) with increasing level of SH in the diet (Table 4) . At 0 and 12 h after feeding, ruminal pH did not differ among treatments (range = 6.5 to 6.61. Although the treatment x sampling hour interaction for ruminal pH was not significant (P > .101, pH was decreased at 2 and 8 h (linear, P c . O l l and at 6 h (linear, P E: .06) after feeding in response to increasing level of SH ( Figure I ). Although none of the experimental diets decreased ruminal pH below 6.1, the 60SH diet (1982) and Hoover (1986) reported that fiber degradation is reduced when ruminal pH is decreased below 6.2 and 6.0, respectively. Miller and Muntifering (1985) proposed that ruminal pH was a major factor contributing to the decline in fiber degradation associated with supplemental starch. A diet containing 25% SH and 75% fescue hay failed to decrease ruminal pH below 6.3, which was similar to the decrease in ruminal pH for a corn-soybean meal supplement that was fed at 25% of the fescue hay diet (Highfill et al., 19871 . In situ DM disappearance of the fescue hay after 48 h of incubation, and total tract in vivo NDF and ADF digestibilities, were decreased by corn-soybean meal supplementation, even though ruminal pH was not decreased below that of SH-supplemented diets. Chase and Hibberd (1987) supplemented 0, 1, 2, and 3 kg of ground corn to a low-quality native range diet and noted decreased fiber degradation, although ruminal pH was no lower than 6.3. According to our data nd that of el-Shazley et al. (19621, factors other than ruminal pH may cause the decrease in fiber degradation associated with starch supplementation.
Ruminal ammonia concentration was decreased (linear, P < .05) with increasing level of SH in the diet (Figure 21 . Maximum ruminal ammonia concentration for each diet was detected 2 h after feeding and was probably a response to rapid degradation of all sources of dietary protein. These data agree with those of Martin and Hibberd (19901, although their reported ruminal ammonia concentrations were consistently lower than those in our study. This difference between studies may be a result of slower degradation of cottonseed meal protein or protein contained in the forage source. Two hours after feeding, ruminal ammonia concentration peaked (10.5 mM; quadratic, P = .06) with the 15SH diet. The ruminal ammonia concentration in steers consuming OSH remained > 5 mM throughout the collection period, whereas 15SH, 30SH, 45SH, and 60SH diets decreased ruminal ammonia concentration to 3.8, 3.4, 2.6, and 2.6 mM, respectively. The lower concentration of ruminal ammonia in SHsupplemented steers may be a n indication of greater use of energy and ammonia by ruminal microorganisms. This hypothesis was supported by the tendency (linear, P = .12; cubic, P = .09f for microbial N flow to the duodenum to increase with increasing level of SH substitution. Highfill et al.
(1 987) reported that ruminal ammonia concentration for 25% corn-soybean meal or 25% SH and 75% fescue hay remained > 8.5 mg/dL (4.9 mM). The corn-soybean meal supplement decreased fiber degradation, even though ruminal pH (0r-skov, 1982; Hoover, 1986) and ruminal ammonia (Satter and Slyter, 1974) were adequate to support microbial growth. Satter and Slyter (19741 indicated that microbial growth efficiency was limited when ruminal ammonia concentration fell below 5 mg/dL (2.9 mM), whereas Petersen (1987) suggested that only 1 to 2 mg/dL (.6 to 1.2 mM) of ammonia was needed for optimal fiber digestion. Based on research by Hespell and Bryant (19791, Demeyer and Van Neve1 (1986) suggested that ruminal microorganisms need only .1 mM ammonia to allow microbial growth, which is further evidence that ruminal ammonia concentrations in our experiment were unlikely to have influenced cell wall degradation.
.02) with level of SH substitution. Martin and Hibberd (19901 reported a linear increase in total VFA concentration with increases in SH supplementation from 0 to approximately 30% of DMI. In contrast, Chase and Hibberd (1987) supplemented low-quality native grass hay with 0, 1, 2, or 3 kg/d of ground corn and reported that total VFA concentration and proportion of propionate were not influenced, whereas acetate proportion and acetate:propionate ratio linearly decreased with added corn. In our study, acetate proportion increased (linear, P e .01) with increasing level of SH, propionate decreased (linear, P c ,011, and butyrate was not influenced ( P > .LO; Table 4 ). The acetate:propionate ratio increased (linear, P c .O 1) with level of SH in the diet. These data contradict results of Martin and Hibberd (19901, in which the acetate:propionate ratio decreased with increasing SH supplementation. They used warm-season grass hay, whereas we used a cool-season hay.
Fluid passage rate decreased (linear, P = .01; cubic, P = .lo) with increasing level of SH (Table   4) . In contrast to our data, Martin and Hibberd (1990) reported increased FPR with increasing SH supplementation. Anderson et al. (1988b1 reported a n average FPR of 7.7 % / h because there were no statistical differences for 0, 12.5, 25, or 50% SH substitution in a cornstalk diet. The decrease in FPR in our study may be a response to the smaller particle size of SH and may have resulted in less rumination and less saliva entering the rumen. Table 5 are not corrected for 0-h washout (30.9%) . This fairly high percentage of washout was attributed to water-soluble components and to extremely small particles formed during the grinding process. Therefore, ISDMD was greater than in vivo estimates of ruminal DM digestibility ( Table 2) .
In situ DM disappearance of SH increased (linear, P < .05) at 2 and 4 h with increasing level of SH (Table 6 ). The linear increase in SH ISDMD with increasing SH concentration in the diet suggests a decreased lag time until initiation of SH fermentation. This corresponds to the more rapid reduction in ruminal pH that we noted for diets containing greater levels of SH. After 16, 36, and 48 h of incubation, 15SH, 30SH, and 45SH seemed to be more highly digested than OSH or 60SH (quadratic, P c .01). Our values for extent of SH ISDMD were similar to those of Highfill et al. (19871, in which 96-h ISDMD was 95.6% when SH replaced 25% of a fescue hay diet. Rate of ISDMD &Uncorrected for 0-h washout (14.5%). bProbability of linear (L1, quadratic (Q), and cubic (C) responses.
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of SH was greatest (quadratic, P = ,141 for 30SH and 45SH diets. As was noted for ISDMD of H, values presented in Table 6 were uncorrected for 0-h washout of SH (14.5%). Rate of ruminal DM digestibility of the diet was calculated using rates of H and SH ISDMD measured for each diet (Tables 5 and 6 ). The calculated rate was 1.76, 2.05, 2.56, 3.05, and 3.02%/h for OSH, 15SH, 30SH, 45SH, and 60SH, respectively. Rate of DM digestibility in the rumen was greatest, numerically, for 45SH, with no further increase for 60SH. This result corresponds with the greatest in vivo incremental increase in OM and cell wall digestibility and the greatest calculated positive associative effects on in vivo ruminal and total tract cell wall digestibility for the 45SH diet.
Because SH ISDMD increased with increasing SH content of the diet, the ruminal environment seemed to be altered to favor cell wall degradation. If increases in fiber degradation were confined to in vivo data, the effects might be attributed solely to altered ruminal digesta flow kinetics; however, rate and extent of ISDMD of SH also were influenced. Because in situ DM degradation also was influenced, a factor associated with the ruminal environment may have been the primary factor eliciting increased SH utilization. The ruminal environment may have been altered by supporting a larger population of all microorganisms, by supporting a larger population of fibrolytic microorganisms, or by inducing fibrolytic microorganisms to produce more fiber-degrading enzymes. It seems possible that there is a level of SH substitution at which fiber degradation is no longer increased, but this level exceeds that necessary to supplement effectively energy to ruminants consuming a low-quality , high-fiber basal diet.
In conclusion, SH substituted in a low-quality H diet did not decrease in vivo OM or cell wall digestion. Furthermore, SH substitution seemed to have a positive influence on cell wall digestion of the H and(or1 SH. Neither ruminal pH nor ruminal ammonia concentration was decreased sufficiently to inhibit fiber degradation when SH replaced H in the diet. Total VFA concentration increased with increasing levels of SH substitution.
Implications
Soybean hulls can replace up to 60% of the dry matter intake of ruminant consuming a lowquality forage diet without the negative effects on fiber digestion that have been documented in response to cereal grain supplementation.
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